Coupling phase-stable single-cycle terahertz (THz) pulses to scanning tunneling microscope (STM) junctions enables spatio-temporal imaging with femtosecond temporal and Ångstrom spatial resolution. The time resolution achieved in such THzgated STM is ultimately limited by the sub-cycle temporal variation of the tip-enhanced THz field acting as an ultrafast voltage pulse, and hence by the ability to feed highfrequency, broadband THz pulses into the junction. Here, we report on the coupling of ultrabroadband (1-30 THz) single-cycle THz pulses from a spintronic THz emitter (STE) into a metallic STM junction. We demonstrate broadband phase resolved detection of the tip-enhanced THz waveform via THz-field-induced modulation of ultrafast photocurrents across the junction. Comparison to the unperturbed far-field THz waveform reveals the antenna response of the STM tip. Despite tip-induced lowpass filtering, frequencies up to 15 THz can be detected in the enhanced near-field, resulting in THz transients with a half-cycle period of 115 fs. We further demonstrate versatile phase and polarity control of the THz waveform depending on the STE excitation conditions and magnetization, and show that up to 2 Volts THz bias at 1 MHz repetition rate can be achieved in the current setup. Finally, we find a nearly constant THz voltage and waveform over a wide range of tip-sample distances, which by comparison to numerical simulations confirms the quasi-static nature of the THz pulses. Our results demonstrate the suitability of spintronic THz emitters for ultrafast THz-STM and provide insight into the femtosecond response of defined nanoscale junctions.
THz-gated scanning tunneling microscopy (THz-STM) combines Ångstrom spatial with femtosecond temporal resolution, which has been impressively demonstrated on single molecules 1 and semiconductor surfaces 2 . Following the original idea of junction-mixing STM 3, 4 , the concept of THz-STM is based on the rectifying nature of an STM junction exhibiting nonlinear I-V characteristics, leading to a net DC current upon modulation of the junction bias with ultrafast voltage pulses. Adapting this concept, THz-STM utilizes 'wireless' free-space coupling of ultrafast voltage pulses to the STM by illumination with coherent broadband THz radiation 1, 2, [5] [6] [7] [8] . The STM tip hereby acts as a broadband antenna strongly enhancing the quasi-static THz electric field, allowing for the application of large sub-picosecond bias pulses at moderate incident THz field strength. Optimizing THz-STM operation requires precise knowledge of the THz voltage transient across the junction and hence broadband characterization of the tip antenna response in the STM environment.
The coupling of THz radiation to scanning probe tips has been widely studied in the context of THz scanning near-field optical microscopy [9] [10] [11] [12] [13] [14] (THz-SNOM). It is known that metallic tips act as long wire antennas, 10, 11 which low-pass filter the broadband incident THz radiation 9 and exhibit highly directionally emitting and receiving properties 11 . The STM tipenhanced THz waveform will, thus, differ considerably from the incident THz waveform, depending on the specific STM geometry, the mesoscopic shape of the tip wire, as well as the incident THz bandwidth. Yet, detailed experimental characterization of the STM tip antenna properties and its effect on the THz waveform inside the STM environment remain scarce 7, 8 . In particular, understanding the antenna response of the STM tip over a broad frequency range exceeding 10 THz will be crucial to extend THz-STM towards high-frequency single-cycle THz pulses up to the multi-THz and mid-infrared regime 15, 16 , potentially increasing the time resolution achievable in THz-STM.
Recently, ultrabroadband single-cycle THz pulses were successfully generated from a metallic spintronic THz emitter (STE) with spectra covering the frequency range up to 30
THz without gap 17, 18 . The spectral bandwidth of the STE output is determined by the duration of the incident pump pulse and the resulting carrier dynamics in the STE 19 . In addition to its extremely large bandwidth and fast THz transients, the STE exhibits several advantages such as convenient THz polarity switching and polarization control via the STE magnetization, flexibility regarding pump photon energy, pulse duration, and excitation geometry, its easy handling as well as low cost 20 . Although the conversion efficiency of the STE is considerably lower compared to standard THz sources such as LiNbO3 21, 22 or photoconductive antennas 23, 24 , its high beam quality in combination with high THz bandwidth allows for tighter focusing, facilitating peak field strength of 300 kV/cm at few mJ pump pulse energies 18 . Hence, high electric field strengths are achieved at comparably low THz power, making the STE an attractive THz source in particular for field-driven applications requiring high repetition rates such as THz-STM.
Here, we report on the experimental characterization of ultrabroadband THz pulses coupled to a metallic STM junction in the frequency range from 1 to 30 THz at 1 MHz repetition rate.
To characterize the bandwidth, phase and voltage amplitude of the tip-enhanced THz field we sample its waveform directly in the time domain by THz-induced modulation of ultrafast photocurrents excited with near-infrared (NIR) femtosecond laser pulses in the tip-sample junction 8, 25 , as sketched in Figures 1a) and 1b) . By comparison to the free-space THz waveform measured via electro-optic sampling (EOS), we can experimentally determine the receiving antenna response of the STM tip. Special care has to be taken to obtain the unperturbed tip-enhanced THz waveform without distortion by photoelectron dynamics, which is particularly crucial at the broad bandwidth employed here. We demonstrate versatile phase and polarity control of the THz waveform in the STM junction via the STE excitation conditions. Peak THz voltages of several Volts can be reached in the STM junction at moderate pump pulse energies of a few microjoules facilitating repetition rates in the MHz regime with fiber-based laser sources. Finally, we analyze the distance dependence from the tunneling regime to the µm range, revealing a nearly constant THz voltage in line with the quasi-static nature of electromagnetic radiation when applied to sub-wavelength dimensions.
Our results demonstrate the suitability of spintronic THz emitters as broadband source for the application of ultrafast voltage transients in STM and highlight the importance of the tip antenna response that exhibits significant low-pass filtering and reduction of the THz bandwidth available for THz-STM operation. Aiming at even higher time resolution in THz-STM, thus, requires strategies for selective enhancement of elevated THz frequencies in the THz-biased STM junction.
Experimental details. The STE is excited with broadband 800 nm NIR pulses of 8 fs duration under normal incidence, leading to THz pulse emission collinear with the NIR laser beam. The STE magnetization is controlled by a permanent magnet. The STE position along the focused NIR pump beam can be set by a translation stage, thereby enabling waveform control of the THz pulses as discussed below. The THz pulses are focused onto the STM tip via an off-axis parabolic mirror (35 mm focal length) integrated on the STM platform inside the ultrahigh vacuum (UHV) chamber. A second parabolic mirror is used to focus 8 fs NIR laser pulses into the STM (NIR spot size ~ 6 µm) for photoexcitation of the junction at a variable time delay ∆ compared to the arrival time of the THz pulses. Both THz and NIR pulses are polarized along the tip axis. All experiments are performed at room temperature and under UHV (pressure 1e-10 mbar) conditions. THz-induced photocurrent modulation. Figure 1c) shows the photocurrent-voltage characteristics of the photoexcited junction at a tip-sample distance of 1 µm in the absence of the THz pulse. As the NIR focus is larger than the tip-sample distance, photoelectrons are excited both from tip and sample and the photocurrent Iph reverses sign at small negative DC bias. At large positive (negative) DC bias, as sketched in Figure 1b ), the photocurrent is dominated by pure photoelectron emission from the tip (sample), whereas in the low bias regime, it is composed of both tip and sample photoelectrons depending on their respective energy distributions. At large distances, photoemission occurs either in the multiphoton regime [26] [27] [28] or optical field-driven regime [29] [30] [31] depending on the applied NIR field strength and classified by the Keldysh parameter 32 . With our experimental parameters, we obtain a Keldysh parameter in the range of ~ 10-20. Hence, we clearly operate in the multiphoton photoemission regime, as confirmed by the scaling of the power dependence of the photocurrent shown in the inset in Figure 1c ). At high DC bias and, in particular, at short distances, photo-assisted tunneling through the narrowed barrier 33 may also contribute to or even dominate the photocurrent.
Applying a THz pulse to the STM junction in addition to the static DC bias leads to a change in the laser-induced photocurrent due to the THz field 8, 25 . As the time scale of photoemission is given by the temporal envelope of the 8 fs NIR laser pulse and occurs thus nearly instantaneous on the time scale of the THz pulse, the photoemission process is sensitive only to the instantaneous THz field at a given NIR-to-THz pulse time delay ∆ . One may, thus, make the quasi-static approximation which assumes that the THz-induced change in photocurrent will be determined by the local slope of the static Iph-V characteristics, as sketched in Figure 1c ). As will be demonstrated below, our measurements corroborate this assumption provided that non-instantaneous effects are eliminated. In the case of a linear Iph-V curve with local slope , as obtained at high positive bias in Figure 1c Hence, care has to be taken to operate in a low-excitation limit at small photocurrents. We find that 10 to few 100 electrons per pulse are usually sufficiently low to neglect space charge effects (see Supporting Information for more detailed information). It should be noted, however, that the critical photocurrent depends on the net accelerating forces acting on the photoelectrons, and, thus, on the DC field as well as on the space charge density in the junction, i.e., on the effective photoemission area and tip-sample distance. To ensure instantaneous THz near-field sampling within the quasi-static approximation, we ,thus, verify THz pulse control. We now use our previous results to demonstrate control of the THz voltage waveform applied to the STM junction. We start by introducing a phase shift to the incident THz field by moving the STE inside the convergent beam of the NIR pump laser, as sketched in Figure 3a ). In such a curved-wavefront excitation scheme the local radius of curvature of the NIR beam is imprinted on the generated THz field. 23 Upon propagation to the far field the emitted THz pulse thus acquires a frequency-dependent Gouy phase shift that depends on the STE position. In particular, an intermediate THz focus is generated when placing the STE in the convergent NIR beam. 23 As seen in the top panel in Figure 3b ), we observe a transformation from a rather symmetric to a more asymmetric pulse shape of the tip-enhanced THz waveform when moving the STE further away from the NIR focus.
To model this behavior, we apply the measured tip transfer function to t phase-shifted incident THz fields and compare the reconstructed antenna-enhanced waveforms to the corresponding THz waveforms measured in the STM. Specifically, we multiply the complex Fourier spectra ( ) of the deconvoluted THz waveforms obtained from EOS (see Figure   S3 in the Supporting Information) with ( ) to obtain the calculated Fourier spectra Tip-sample distance dependence. We finally analyze the dependence of the tip-enhanced
THz waveform on the tip-sample distance. Figure 5a) shows the dependence of the current With increasing distances, the photocurrent stays nearly constant until at around 600 nm a pronounced photocurrent peak is observed presumably due to interference effects 38 of the exciting NIR laser pulse in the junction. Whereas at far gap distances multiphoton photoemission above the broad barrier dominates, see Figure 1b ), tunneling of photoexcited electrons through the narrowed barrier at lower energies will contribute and eventually dominate the photocurrent at close gap distances. Disentangling the different contributions requires a detailed analysis of the photocurrent nonlinearities and the potential barrier in the STM junction 39 , which is beyond the scope of this work. Considering the high DC bias of 10 V, it is reasonable to assume that for relative distances larger than 1 nm the photocurrent is dominated by short-lived high-energy electrons and, thus, instantaneous on the time scale of the THz pulse. This assumption is supported by the results discussed below.
THz near-field waveforms and their respective I-V curves are recorded at different distances by retracting the sample a defined step and plotted in Figures 5d) and 5e) , respectively. To avoid influence from drift especially at the setpoint distance, the feedback is temporarily switched on again between each THz-NIR time delay to reference the tip position. We find that the THz waveform does not change considerably over a wide range of tip-sample distances. We further observe a nearly constant THz voltage applied to the STM junction as plotted in Figure 5b) . As discussed below, this behavior is expected from the quasi-static nature of the THz field. To better understand the scaling with tip-sample distance, we perform frequency-domain simulations of the tip-enhanced THz field in the junction (using the RFmodule of COMSOL Multiphysics, details are described in the Supporting Information). The
THz-induced potential difference applied between tip and sample can then be found by line integration of the tip-enhanced THz field across the junction, Within our experimental error, our results, thus, support the quasi-static nature of THz voltage pulses applied to nanoscale junctions, although limitations at high THz frequencies need to be further investigated. It is worth noting that the THz field enhancement strongly decreases with higher frequencies as discussed in the Supporting Information, in line with the observed low-pass filtering of the THz field by the STM tip. We further emphasize that at very close gap distances the THz waveform might be low-pass filtered by the increased lifetime of photoexcited electrons tunneling at lower energies through the junction, which is not significant at the conditions used here. Given that the undistorted waveform is precisely known, such carrier-induced waveform distortions will in turn allow to study fewfemtosecond photocarrier dynamics with far sub-cycle temporal resolution and a spatial resolution given by the localization of the photoexcited current.
In summary, we demonstrated efficient coupling of ultrabroadband single-cycle THz pulses photoelectrons at the front of the space charge cloud are accelerated away from the tip faster than by the DC acceleration alone, whereas 'backside' photoelectrons close to the tip surface are accelerated back towards the tip by the space charge cloud in front of them. Those backaccelerated electrons can then be steered back into the tip by THz fields much lower than the a It should be noted that, even at low THz and high DC fields, the THz field always affects the photoelectron trajectories in the tip-sample gap, depending on the emission time and flight time of the photoelectrons with respect to the arrival and duration of the THz pulse. As we detect the total current and average over all energies and arrival times of the photoelectrons, our measurement is not sensitive to small modulations of the electron trajectories, but is only sensitive to a reduction of the total electron yield by THz-streaking back into the tip.
DC field due to the described effect of space charge acceleration. Moreover, these photoelectrons are not rapidly accelerated away from the tip as expected from the large inhomogeneous DC field at the tip, but can remain a significant amount of time close to the tip surface. Hence, they not only experience the instantaneous THz field at the time of photoemission, but can be steered back into the tip by a THz field at a much later delay within the THz pulse, i.e., the overall process is not instantaneous and can act as an effective low pass filter distorting the measured THz waveform.
In Figure S1 we plot THz waveforms measured in the STM junction at 1 µm gap distance and 8 V DC bias for different photocurrents. The applied THz voltage is 0.12 V at the maximum peak. As can be seen from Figure S1a ), the measured waveform clearly depends on the number of electrons excited per laser pulse, with a most pronounced deformation at the beginning of the pulse before the main half cycle. This is accompanied by a reduction of the THz bandwidth as plotted in Figure S1b ), revealing the effective low pass filtering due to space charge. Moreover, Figure S1c ) shows that in this regime the shape of the THz waveform also depends on the THz polarity. These deformations and deviations with polarity are most pronounced at the beginning of the THz pulse. This is not surprising as those photoelectrons excited shortly before the arrival of the main pulse experience the strongest THz field, whereas the photoelectrons excited at later times only experience the ringing oscillations after the main THz cycle. For even higher electron numbers, severe waveform distortions are observed as plotted in Figure S1d 
Dependence of THz waveforms on DC bias and THz voltage
The propagation of photoelectrons in the tip-sample gap (and potentially back to the tip) depends on the combined forces of the DC field, the THz field, and space charge interactions.
Moreover, waveform distortions from photo-assisted tunneling of electrons close to the Fermi level with longer lifetimes may be expected to contribute at high DC bias and short gap distances. As the lifetime of hot electrons depends on the energy window sampled by the THz pulse, distorting effects from hot carriers should also depend on the DC bias and THz voltage amplitude. Hence, undistorted instantaneous THz near-field sampling requires that the measured THz waveform does not depend on the DC bias and incident THz field strength within the linear range of the IPh-V slope (see Figure 1c) ). Figure S2b) shows THz waveforms measured for three different DC biases with the corresponding IPh-V curve plotted in Figure   S2a ). All waveforms exhibit the same shape and voltage amplitude as expected from the linear slope of the I-V curve. Figure S2c) shows THz waveforms measured for two incident THz amplitudes at 10 V bias, and again we find that the sampled THz waveform does not depend on the applied THz voltage. In addition to the constant THz waveform observed for opposite THz polarities, as plotted in Figure 1d ) in the main manuscript, these results confirm the interpretation and validity of our sampling approach.
Antenna model
The model used to fit the tip antenna response in Figure 2 
Measurement of incident THz electric fields
To analyze the THz electric field incident to the STM junction, we pick the THz beam before entering the STM chamber and focus the THz pulses in a 300 µm thick ZnTe(110) crystal for electro-optic sampling (EOS). The path length and optical components are identical to the STM beam path. In EOS, the measured time-domain signal ( ) is given by the convolution of the THz electric field ( ) incident on the detector with the detector response function ℎ ,
Hence, if ℎ ( ) is known, the THz electric field can be obtained by deconvolution of the EOS signal with the detector response, which depends on the properties and thickness of the electro-optic medium and the sampling pulses. After calculation of ℎ ( ) , the deconvolution is performed numerically as described in more detail in references 17, 36 . Figure   S3 shows the deconvoluted waveforms of the THz electric field incident on the STM tip for all four STE positions plotted in Figure 3b ) in the main manuscript. 
Dependence of THz spectra on STE position
As discussed in the main manuscript, the THz spectra can vary with STE position due to a frequency-dependent generation and collection efficiency of the THz radiation when generated with curved NIR wavefronts. Figures S4a) Figure 3c ). We observe a red-shift of the spectra and reduced THz bandwidth when moving the STE away from the focus and when moving the recollimation away from its reference position (details see text) due to a frequency-dependent THz propagation.
to the far field when excited by a curved NIR wavefront, and by a frequency-dependent recollimation, propagation and focusing of the THz beam into the STM. At far distances b) and d), the strongly inhomogeneous THz near-field is confined to the tip apex with a spatial extent given by the tip radius, and decays rapidly with larger distances away from the tip surface. At nanometer distances much smaller than the tip radius, the field becomes spatially more localized inside the tip-sample gap, and becomes homogeneous like in a plate-capacitor at the junction center ( , ) = (0,0). We obtain the THz-field-induced potential difference from the computed fields by line integration of the z-component of the THz near-field along the center of the junction at ( , ) = (0,0). We confirmed that line integration along other pathways yields the same THz-induced potential difference.
Numerical simulation of

